Rationale: Sepsis produces significant mitochondrial and contractile dysfunction in the heart, but the role of superoxide-derived free radicals in the genesis of these abnormalities is not completely understood. Objectives: The study was designed to test the hypothesis that superoxide scavenger administration prevents endotoxin-induced cardiac mitochondrial and contractile dysfunction. Methods: Four groups of rats were studied, and animals were injected with either saline, endotoxin, endotoxin plus polyethylene glycol-adsorbed-superoxide dismutase (PEG-SOD; a free-radical scavenger), or PEG-SOD alone. Animals were killed 48 h after injections. We then measured cardiac mitochondrial generation of reactive oxygen species (ROS), formation of free-radical reaction products (protein carbonyls, lipid aldehydes, nitrotyrosine), mitochondrial function, and cardiac contractile function. 
with activity as a free-radical scavenger, has been shown to improve mortality and to lessen liver and renal damage in an animal model of sepsis (13) . Other investigators, however, have reported contradictory observations, finding that antioxidant administration failed to improve mortality (14) and failed to maintain blood pressure (15) in two animal models of sepsis.
One of the major organs affected by sepsis is the heart. Cardiac dysfunction has been observed in several animal models of systemic inflammatory response syndrome, and is especially prominent after endotoxin administration (16, 17) . Endotoxin induces large reductions in both cardiac pressure-generating capacity and cardiac mitochondrial function (16, 18) . Recent studies have also shown that there is heightened free-radical generation in cardiac tissue in animal models of sepsis (19) . No previous work, however, has demonstrated a beneficial effect of superoxide dismutase (SOD) administration on cardiac contractile or mitochondrial function in an animal model of sepsis. In addition, there has been no determination as to whether cardiac mitochondrial generation of reactive oxygen species is increased after endotoxin administration or in other animal models of sepsis.
The purpose of the present study, therefore, was to test the hypothesis that superoxide anions contribute to the induction of cardiac mitochondrial and contractile dysfunction in sepsis by comparing cardiac mitochondrial function and pressuregenerating capacity in the following groups of rats: (1 ) salinetreated control animals; (2 ) animals in which sepsis was induced by the administration of endotoxin; (3 ) animals given both endotoxin and polyethylene glycol-adsorbed-SOD (PEG-SOD), a specific superoxide scavenger; and (4 ) animals given PEG-SOD alone. We measured multiple indices of mitochondrial function (i.e., State 3 respiration, respiratory control ratio [RCR] , adenosine diphosphate/oxygen [ADP/O] ratio, NADH oxidase activity), cardiac pressure generation, cardiac mitochondrial free-radical generation, and several tissue free-radical reaction products (protein carbonyls, lipid aldehydes, nitrotyrosine). We expected endotoxin administration to reduce cardiac mitochondrial and contractile function and to induce protein and lipid oxidation; support for our hypothesis would be provided if we found that PEG-SOD administration prevented or blunted endotoxin-induced alterations in mitochondrial function, contractile function, and indices of tissue oxidation. Some of the results of these studies have been previously reported in the form of an abstract (20) .
METHODS

Animal Protocol
Studies used adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing between 250 and 350 g. Rats were housed in the Medical College of Georgia Animal Resource Center; food and water were allowed ad libitum. Animal protocols were approved by the Institutional Animal Care and Use Committee.
In an initial group of studies, we examined basic parameters of cardiac mitochondrial function for control animals (n ϭ 3) and for small groups of animals (n ϭ 3/group) given endotoxin for varying periods of time (12, 24, 36 , and 48 h) to characterize the time course of endotoxin-induced cardiac mitochondrial dysfunction. Endotoxin was administered as a daily intraperitoneal injection of 8 mg/kg/d (Escherichia coli endotoxin; Sigma Chemicals, St. Louis, MO) with the first dose given at time zero; all animals were also given subcutaneous doses of saline (60 mg/kg/d) to prevent dehydration. At the time of killing, animals were anesthetized with pentobarbital (50 mg/kg intraperitoneally); abdominal aortas were flushed with 60 ml of isolation buffer after cannulation, and hearts were removed. Animal weight and heart weight were recorded and cardiac mitochondria isolated and evaluated as described below.
After these initial studies, a second group of experiments was performed to determine if endotoxin administration increased mitochondrial free-radical generation and to determine if administration of SOD, a highly selective superoxide scavenger, could prevent endotoxininduced alterations in cardiac mitochondrial and contractile function. For this second set of studies, animal groups included the following: (1 ) saline-injected control animals, (2 ) endotoxin-treated (8 mg/kg/d intraperitoneally) animals, (3 ) animals given endotoxin and PEG-SOD (PEG-SOD, 2,000 units/kg/d intraperitoneally), and (4 ) animals given PEG-SOD alone (2,000 units/kg/d intraperitoneally). All animals were given saline subcutaneously, 60 ml/kg, to prevent dehydration, and were killed at 48 h after the initial injection (because this time point produced the greatest mitochondrial dysfunction in initial studies). After animals were killed, hearts were removed and used for determination of either mitochondrial free-radical generation (n ϭ 4, 5, 3, and 3, respectively, for control, endotoxin, endotoxin ϩ PEG-SOD, and PEG-SOD groups), determination of mitochondrial function (n ϭ 5, 5, 5, and 3, respectively, for these groups), or determination of cardiac pressure generation (n ϭ 5, 5, 4, and 5, respectively, for these groups). Samples of mitochondrial isolates were also used to assess lipid aldehydes, protein carbonyls, nitrotyrosine protein modification, and Oxyblot (Chemicon International, Temecula, CA) determination of protein carbonylation.
Details for determination of mitochondrial free-radical generation (21, 22) , mitochondrial respiration (21-23), cardiac pressure generation, and free-radical reaction markers (lipid aldehydes, protein carbonyls, nitrotyrosine protein modification, Oxyblots) (24) are provided in the online supplement.
Statistics
Calculations were performed using SigmaStat software (SPSS, Inc., Chicago, IL). Comparisons of parameters across experimental groups were made using an analysis of variance, with post hoc testing (Tukey's) to determine statistical differences between individual groups. A p value of less than 0.05 was taken to indicate statistical significance. Data are presented as mean Ϯ 1 SEM.
RESULTS
Time Course of Endotoxin-induced Mitochondrial Dysfunction
We first determined the time-dependent effects of endotoxin administration (given as 8 mg/kg/d) on cardiac mitochondrial function (see Table 1 ). Cardiac mitochondrial isolates obtained at 12 and 24 h after an initial endotoxin dosage were not functionally different from samples obtained for saline-treated control animals. At the 36-h time point (i.e., after an initial endotoxin injection at time zero and a second injection at 24 h), State 3 respiration rates were lower than those obtained for salinetreated control animals. By 48 h into the endotoxin administration protocol, State 3 rates had declined by 56% when compared with saline-treated control animals (p Ͻ 0.001). ADP/O ratios were not altered by this regimen of endotoxin administration, and remained at the control level for all time points tested.
Effect of Endotoxin on Mitochondrial Generation of Reactive Oxygen Species
Because our time course experiments suggested that mitochondrial dysfunction was most severe at 48 h after endotoxin administration, all additional experiments were performed at the 48-h point after the initial injection of endotoxin or saline (for control animals). An Amplex red-based assay was used to assess mitochondrial formation of reactive oxygen species (Figure 1 ). This assay is based on the fact that mitochondrial glutathione peroxidase converts a substantial portion of the mitochondrially generated superoxide into hydrogen peroxide. Hydrogen peroxide readily diffuses across mitochondrial membranes into surrounding medium, where it can be detected with fluorescent indicators such as Amplex red. Cardiac mitochondria isolated from endotoxintreated animals had large increases in hydrogen peroxide release, both when incubated with malate/pyruvate and with succinate/ antimycin (p Ͻ 0.001 for both of these comparisons). As expected, levels of hydrogen peroxide generation by cardiac mitochondria isolated from animals given both PEG-SOD and endotoxin were similar to levels generated by animals given endotoxin alone, and levels for animals given PEG-SOD alone were close to levels for control animals given saline (i.e., because PEG-SOD does not reduce hydrogen peroxide levels).
Free-Radical Reaction Products
Reaction of superoxide-derived molecular species with tissues generates a variety of molecular modifications of cellular proteins and lipids. Several such markers (nitrotyrosine side-group formation, lipid aldehyde formation, protein carbonyls) were assessed on cardiac mitochondrial samples from control, endotoxin-, endotoxin ϩ PEG-SOD-, and PEG-SOD-alonetreated animals as shown in Figures 2 through 5. We found that endotoxin elicited a marked increase in nitrotyrosine side-group levels for two mitochondrial proteins, as shown in Figure 2 . One of these proteins, of approximately 90 kD, increased to 272% of control levels after endotoxin administration (top band in Figure 2 ), whereas the second protein, with a molecular weight of 45 kD (bottom band in Figure 2 ), increased to 248% of control Comparison is made of samples from control, LPS-, LPS ϩ polyethylene glycol-adsorbed-superoxide dismutase (PEG-SOD)-, and PEG-SODalone-treated animal groups. Hydrogen peroxide production was significantly greater for LPS samples than for control samples with both malate/pyruvate (p Ͻ 0.001) and succinate/antimycin (p Ͻ 0.001).
levels. Administration of PEG-SOD prevented these endotoxininduced cardiac mitochondrial protein nitrotyrosine modifications.
Lipid aldehyde levels ( Figure 3 ) also increased in response to endotoxin administration (p Ͻ 0.004) and PEG-SOD ablated this endotoxin-induced increase (p Ͻ 0.012). We assessed protein carbonyl side-group formation both by measuring total levels for cardiac mitochondrial homogenates ( Figure 5 ) and by using Western blots to identify individual proteins (Figure 4) . Total carbonyl side-group levels were higher for cardiac homogenates from endotoxin-treated animals (p Ͻ 0.001). In addition, inspection of Western blots for protein carbonyl side groups ( Figure 4 ) revealed a prominent increase in the level of carbonyl modification of a single protein band at 30 kD (p Ͻ 0.003). PEG-SOD administration prevented both the increase in total protein carbonyl content and modification of this 30-kD protein (p Ͻ 0.002 for both comparisons).
Effect of PEG-SOD on Endotoxin-induced Mitochondrial Dysfunction
We found that endotoxin administration induced a large reduction in the mean State 3 cardiac mitochondrial respiration rate ( Figure 6 ), and concomitant administration of PEG-SOD prevented this endotoxin-induced effect (p Ͻ 0.001 for comparison of State 3 respiration rates between control and endotoxin-treated groups; p Ͻ 0.001 comparing endotoxin with endotoxin ϩ PEG-SOD groups). State 3 rates for animals given PEG-SOD alone were similar to rates for control animals. State 4 respiration rates were also statistically lower for samples from endotoxin-treated animals than for control animals (p Ͻ 0.05), albeit the absolute differences among State 4 rates for the different experimental groups were small.
Other parameters of mitochondrial respiration measured for these four groups of experiments (i.e., control, endotoxin, endotoxin ϩ PEG-SOD, and PEG-SOD alone) are shown in Figures 6 through 9 . The ADP/O (Figure 7) was not different between control and endotoxin groups. The RCR (Figure 7) and ATP production rates ( Figure 8 ) were lower for mitochondrial samples taken from endotoxin-treated animals as compared with control animals (p Ͻ 0.001 for comparison of RCR and ATP production rates). PEG-SOD prevented endotoxin-induced reductions in RCR and ATP production rates for mitochondrial samples (values for RCR and ATP production for the endotoxin ϩ PEG-SOD group were significantly higher than values for the endotoxin group; p Ͻ 0.003 and p Ͻ 0.001, respectively).
Endotoxin induced a significant reduction in cardiac mitochondrial electron transport chain NADH oxidase activity ( Figure 9 ; p Ͻ 0.003), arguing that the effect of this agent to reduce State 3 respiration rates is largely due to an effect of decreasing electron transport chain utilization of NADH. PEG-SOD administration also prevented this latter endotoxin-induced effect (Figure 9 ; p Ͻ 0.02), with NADH oxidase activity for the PEG-SOD ϩ endotoxin group similar to values for control animals and higher than values for the endotoxin group.
As a further control, we performed an additional group of experiments in which animals were treated both with endotoxin and heat-denatured PEG-SOD (n ϭ 5). Other than the use of heat-denatured PEG-SOD, this group of studies used the same protocol as that used for endotoxin ϩ PEG-SOD studies. Mitochondrial State 3 rates, ATP production, RCR, and NADH oxidase assay rates obtained for endotoxin ϩ denatured PEG-SOD experiments were similar to levels obtained for samples from animals given endotoxin alone and significantly lower than values obtained for control or endotoxin ϩ active PEG-SOD groups. Specifically, values for the endotoxin ϩ denatured PEG-SOD group averaged 152 Ϯ 12 nanoatoms O/min/mg for State 3 rates, 3.9 Ϯ 0.2 for RCR, 411 Ϯ 27 nmol/min/mg for ATP generation rates, and 726 Ϯ 77 nmol/min/mg for NADH oxidase (p Ͻ 0.001, p Ͻ 0.001, p Ͻ 0.001, and p Ͻ 0.003, respectively, compared with values for the control group).
Effect of PEG-SOD on Cardiac Pressure Generation
Endotoxin significantly reduced cardiac pressure-generating capacity, as determined using a Langendorf preparation, with systolic pressure 30 to 50% lower for hearts taken from endotoxintreated animals as compared with control animals (Figure 10 ). PEG-SOD administration completely prevented endotoxininduced reductions in cardiac pressure-generating capacity, restoring systolic pressures to control levels. For example, systolic pressure generated at a diastolic pressure of 15 mm Hg averaged 110 Ϯ 11, 66 Ϯ 7, 129 Ϯ 10, and 124 Ϯ 5 mm Hg, respectively, for control, endotoxin, endotoxin ϩ PEG-SOD, and PEG-SOD groups (p Ͻ 0.01 for comparison of endotoxin to the other three experimental groups). 
DISCUSSION
This study found that endotoxin administration elicited significant reductions in State 3 respiration rates, in mitochondrial ATP generation, and in the RCR for cardiac mitochondria isolated from endotoxin-treated animals. We also found that oxygen consumption using the NADH oxidase assay was much lower for samples from endotoxin-treated animals as compared with saline-treated control animals, paralleling endotoxin-induced reductions in State 3 respiration rates. In this latter assay, mitochondria are permeabilized and excess exogenous NADH added to deliver electrons to Complex 1. The fact that NADH oxidase assay respiration rates in response to ADP addition were lower for endotoxin samples argues, therefore, that the primary endotoxin-induced abnormality responsible for reductions in mitochondrial function is an inhibition of electron flow through Complexes I, III, and/or IV.
Endotoxin administration to intact animals also markedly reduced the systolic pressures generated by excised hearts perfused using the Langendorf technique. More importantly, all mitochondrial abnormalities and reductions in systolic pressuregenerating capacity were prevented by administration of PEG-SOD, a specific superoxide scavenger, to endotoxin-treated animals. We also observed significant endotoxin-induced increases in cardiac mitochondrial generation of reactive oxygen species, substantial increases in nitrotyrosine side-group content for two mitochondrial proteins (90 and 45 kD), increased carbonyl sidegroup levels for a 30-kD mitochondrial protein, and increased cardiac levels of lipid aldehydes. PEG-SOD administration blocked increases in all of these free-radical reaction products in the heart in parallel with its effect to improve cardiac mitochondrial and contractile performance.
Free Radicals and Cardiac Dysfunction in Sepsis
The superoxide ion has been previously implicated as a modulator of sepsis-induced tissue dysfunction in the lung (9), diaphragm (10, 11, 25) , and other tissues (26) . In the lung, white cell-derived superoxide and its daughter molecules are believed to be a major cause of lung injury in sepsis and related acute inflammatory syndromes (e.g., trauma, burns). White cell-derived free radicals may also contribute to injury in other organs in sepsis, but many tissues can develop severe functional alterations with minimal, if any, evidence of tissue invasion by neutrophils or other white cell species. This has led to the concept that local production of superoxide in tissues is the likely source of free radicals in organs other than the lung in response to systemic inflammation (10, 11, 26) .
In keeping with this possibility, previous studies have shown an increase in superoxide generation in the diaphragm (10, 11, 25) , in liver tissue (26) , and in the kidney (27) after endotoxin administration and other animal models of sepsis (e.g., cecal ligation perforation). In several of these tissues, NADPH oxidase complexes are present (e.g., in skeletal muscle, liver, endothelium), and activation of this enzyme system has been shown in several studies to be an important contributor to tissue freeradical generation in sepsis (28, 29) . A second potential source of free radicals in sepsis is mitochondria. Previous studies have shown evidence for increased mitochondrial free-radical generation in both liver and skeletal muscle in sepsis (25, 26) . One mechanism that has been proposed to account for excessive mitochondrial free-radical generation in sepsis is as a consequence of enhanced nitric oxide formation. Nitric oxide inhibits the distal portion of the electron transport chain with buildup of electrons in the proximal portion of the chain, with subsequent excess proximal chain electron transfer to molecular oxygen and resultant superoxide formation (30) . Increased cytosolic levels of calcium have also been reported to occur in sepsis (e.g., in skeletal muscle and the heart), and some evidence suggests that calcium-induced mitochondrial free-radical generation may also occur in septic states (31) .
The present study is the first, of which we are aware, demonstrating enhanced cardiac mitochondrial free-radical generation after endotoxin administration. This increase in cardiac mitochondrial free-radical generation is a reasonable explanation for the increase in cardiac mitochondrial markers of free-radicalmediated tissue modifications (e.g., protein carbonyl formation, lipid aldehyde formation) observed in the present study. The fact that administration of PEG-SOD, a superoxide scavenger, prevented both increases in tissue biomarkers of oxidative stress and mitochondrial dysfunction in concert is consistent with a link between these phenomena (i.e., a role for free radicals in mediating the development of endotoxin-induced cardiac mitochondrial dysfunction). Our data also indicate that the effects of PEG-SOD are related specifically to the ability of this agent to scavenge superoxide and not due to nonspecific effects of this protein or PEG administration because denatured PEG-SOD had no effect on mitochondrial function.
Potential Relationships between Cardiac Mitochondrial and Contractile Dysfunction in Sepsis
In addition to observing endotoxin-induced reductions in cardiac mitochondrial function, we also found that endotoxin administration elicited large reductions in cardiac pressure-generating capacity. As for mitochondrial function, this latter abnormality was also prevented by pretreatment with a superoxide scavenger. One possible explanation for this association would be that these phenomena could be downstream consequences of two different pathophysiologic processes that are both triggered by excessive superoxide free radicals. An alternative possibility is that these two phenomena, mitochondrial dysfunction and contractile dysfunction, are linked. One might suppose that reductions in mitochondrial generation of ATP could influence cardiac performance and, certainly, the magnitude of the reductions in ATP-generating capacity engendered by endotoxin administration in this study was substantial. Reductions in ATP formation by oxidative phosphorylation at times of peak energy utilization would be expected to reduce resynthesis of creatine phosphate, leading to accumulation of creatine and phosphate ions around the contractile proteins. Phosphate, in turn, is a major regulator of contractile protein cross-bridge function and cardiac myosin ATPase activity, with marked reductions in force generation in response to increasing phosphate levels (32) . One recent report did observe a reduction in cardiac levels of high-energy phosphate compounds in an animal model of sepsis (33) , supporting this possibility, although other reports have disputed this scenario (34) .
Another possibility is that cardiac free-radical-mediated mitochondrial alterations may influence activation of the intrinsic caspase pathway. Consistent with this potential mechanism are recent observations linking cardiac contractile dysfunction after endotoxin administration to the intrinsic, caspase 9-mediated, mitochondrially dependent pathway of caspase 3 activation (35) . Mitochondrially derived free radicals have been shown to modulate mitochondrial outer membrane pore formation (36) and, in turn, to activate the mitochondrially driven caspase 9 pathway. As a result, mitochondrially derived free radicals could influence caspase 9 activation after endotoxin administration, leading to caspase 3 activation and caspase 3-mediated contractile protein cleavage and/or cardiac apoptosis.
Potential Implications
Regardless of the exact mechanistic links between cardiac mitochondrial dysfunction and alterations in cardiac pressuregenerating capacity, the present data suggest that both phenomena are free-radical mediated. As a result, a therapeutic strategy that scavenges free radicals at selected intracellular sites may prove an effective means of preventing sepsis-induced cardiac dysfunction. We chose to use PEG-SOD in the current study because the PEG moiety of this agent facilitates transport across membranes and penetration into intracellular spaces. Previous studies have shown that this agent can reach distant tissues (e.g., leg muscles) after intraperitoneal injection and exert significant physiologic effects on these distant organs (37) . Nevertheless, newer antioxidants of greater potency that can very selectively target mitochondria are currently under investigation (38) and may prove more advantageous for clinical usage for the purpose of improving cardiac function in septic patients.
Moreover, prevention of sepsis-induced cardiac dysfunction also has the potential to improve mortality. This may depend, however, on the specific mechanism by which sepsis develops, because animal studies suggest the propensity to develop cardiac dysfunction varies tremendously depending on the manner in which systemic inflammation is induced (e.g., severe cardiac dysfunction is seen after endotoxin administration but is observed far less after injection of bacteria) (16, 17) . This model-to-model variation may also explain, in part, the variable response of animal models of sepsis to administration of different freeradical scavengers (12) (13) (14) (15) . It is not surprising, therefore, that significant cardiac dysfunction is observed in some patients with sepsis, but not in all. One might anticipate that the ability of free-radical scavengers to impact patient outcome in sepsis may also be variable, with beneficial effects observed in some patient groups but not in others. More work is needed to define the patient populations most likely to develop cardiac dysfunction in response to sepsis, to determine the effect of free-radical scavengers on cardiac dysfunction in this group of patients, and to ascertain if administration of scavengers (or other cardioprotective agents, such as caspase inhibitors) can improve the survival of this patient population.
